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The connective tissue is known to have a general sup-
portive e¡ect for the development of the overlying
epithelium; however, the more speci¢c e¡ects of ¢bro-
blasts and the involvement of their product, keratino-
cyte growth factor, on oral epithelial morphogenesis
have not yet been addressed. Therefore, the purpose of
this study was to investigate the e¡ects of ¢broblasts
and keratinocyte growth factor on human oral epithe-
lial morphogenesis in vitro. Reconstituted human oral
epithelium was generated from primary human oral
keratinocytes and ¢broblasts by use of an organotypic
cell culture model in a de¢ned medium. Addition of ¢-
broblasts to the collagen biomatrix increased total
epithelial thickness from 28.0 5.0 lm to 66.1 8.6 lm
(p¼ 0.028), and basal cell proliferation from 3.6 0.7%
to 16.6 1.1% (p¼ 0.025). Presence of ¢broblasts pro-
foundly in£uenced the pattern of epithelial di¡erentia-
tion, and induced a switch in the pattern of cell death,
from a predominance of spontaneous cell death in
the basal cell layer (from 4.7 0.6% to 1.8 0.3%,
p¼ 0.029) to a more prevalent cell death due to terminal
di¡erentiation in the suprabasal cell layer (from 4.0
0.1% to 5.4 0.1%, p¼ 0.034). Keratinocyte growth fac-
tor promoted epithelial growth, but did not signi¢-
cantly enhance epithelial di¡erentiation, demonstrating
that ¢broblasts possess additional mechanisms to kerati-
nocyte growth factor synthesis that can modulate dif-
ferentiation of reconstituted human oral epithelium.
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E
pithelial^mesenchymal interactions are thought to be
essential for epithelial morphogenesis, homeostasis,
and repair (Mackenzie, 1994; Werner and Smola,
2001). The mechanisms are yet to be elucidated and
much of the present knowledge on this subject has
been derived from studies on skin. Experimental in vitro models
have been developed to address how mesenchymal tissue in£u-
ences growth and di¡erentiation of the overlying epithelium
(Garlick and Taichman, 1993, 1994; Fusenig, 1994; Tomakidi et al,
1998; Grn et al, 1999). In such studies, it has been suggested that
the underlying mesenchyme could stimulate epithelial growth
and di¡erentiation by provision of a suitable biomatrix environ-
ment (Chung et al, 1997; Kim et al, 2001) or by synthesis of di¡u-
sible factors (Boukamp et al, 1990; Maas-Szabowski et al, 1999;
Werner and Smola, 2001). The role of dermal ¢broblasts in the
regulation of epidermal morphogenesis and homeostasis has been
investigated by several researchers (Mackenzie et al, 1993; El-
Ghalbzouri et al, 2002a, b). In these studies, an important role
for ¢broblasts has been proposed, not only in promoting kerati-
nocyte proliferation, but also in di¡erentiation of the overlying
epidermis. Fibroblasts are known to secrete several growth factors
and interleukins, such as interleukins 1, 6, and 8, granulocyte
macrophage colony stimulating factor, transforming growth fac-
tor-a and -b, platelet-derived growth factor as well as members
of the ¢broblast growth factor family (Fusenig, 1994). These dif-
fusible factors have been discussed as potent mediators of kerati-
nocyte growth and di¡erentiation. Keratinocyte growth factor
(KGF), a member of the ¢broblast growth factor family, known
also as ¢broblast growth factor-7, has been particularly investi-
gated and considered one major regulator of keratinocyte growth
and di¡erentiation (Maas-Szabowski et al, 1999). KGF is a typical
paracrine acting growth factor, produced solely by underlying
stromal cells, with a distinctive speci¢city for keratinocytes. It
has been shown that KGF stimulates epidermal keratinocyte pro-
liferation (Marchese et al, 1990; Rubin et al, 1995), but its e¡ects on
keratinocyte di¡erentiation are more controversial (Gibbs et al,
2000; Andreadis et al, 2001).
There are few published data on epithelial^mesenchymal inter-
actions in oral mucosa. Several studies have pointed out the im-
portance of the intrinsic properties of keratinocytes for epithelial
morphogenesis (Gibbs and Ponec, 2000; Chinnathambi et al,
2003), whereas others have found the connective tissue essential
for the modulation of epithelial growth (Hill and Mackenzie,
1989) and di¡erentiation (Mackenzie and Hill, 1984). Further-
more, the in£uence of ¢broblasts on oral epithelial morphogen-
esis, based on mutual interactions with keratinocytes, seemed to
be ambivalent, strongly supporting proliferation initially, but
gradually being superimposed by signals promoting di¡erentia-
tion (Tomakidi et al, 1998). Although the connective tissue has
been shown to have a general supportive e¡ect for the morpho-
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genesis of the overlying epithelial tissue (Mackenzie and Dabels-
teen, 1987), the more speci¢c e¡ects of ¢broblasts on oral epithe-
lial morphogenesis have not yet been fully addressed. It is known
that oral ¢broblasts synthesize KGF (Dabelsteen et al, 1997; Sanale
et al, 2002), and it has been proposed that oral ¢broblasts might be
even more potent in producing KGF than their dermal counter-
parts (Okazaki et al, 2002; Grn et al, 2002). Exogenously added
KGF stimulated cell proliferation in a study done on normal
murine oral keratinocyte cell lines, but did not stimulate prolif-
eration of neoplastic oral keratinocyte cell lines (Ning et al, 1998).
The purpose of this study was to examine the e¡ect of ¢bro-
blasts and exogenous KGF on morphogenesis of reconstituted hu-
man oral epithelium obtained from organotypic primary cultures.
To our knowledge, this is one of the ¢rst studies on in vitro recon-
stituted human oral mucosa that addresses the e¡ects of KGF on
oral epithelial morphogenesis. Our data show that ¢broblasts had
crucial e¡ects on human oral epithelial growth, di¡erentiation,
and apoptosis. In our models, KGF stimulated oral epithelial
growth, but did not signi¢cantly enhance epithelial di¡erentia-
tion. These results demonstrate crucial e¡ects of ¢broblasts and
KGF on morphogenesis of in vitro reconstituted oral epithelium.
MATERIALS AND METHODS
Tissue material Twenty-three samples of normal human oral mucosa
(NHOM) were obtained from the super£uous oral tissue after wisdom
tooth extraction. Twelve samples were formalin ¢xed, para⁄n embedded,
and served as controls; 11 samples were used for isolating the cells and
growing the organotypic cultures. The study was approved by the Ethics
Committee of the University of Bergen, and it included only clinically
healthy donors after informed consent.
Cell culture procedures Two types of organotypic cultures were
prepared and used in this study. In the ¢rst model, namely the
organotypic keratinocyte monoculture (OTK), the primary oral
keratinocytes were grown on top of a reconstituted collagen matrix
without supplement of ¢broblasts. In the second model, the organotypic
keratinocyte^¢broblast coculture (OTKF), primary oral keratinocytes
were grown on top of a reconstituted collagen biomatrix supplemented
with primary oral ¢broblasts. Primary oral keratinocytes and ¢broblasts
were isolated from NHOM as described elsewhere (Costea et al, 2002).
Keratinocytes were grown serum free in KSFM medium (GibcoBRL,
Grand Island, New York) supplemented with 1 ng human recombinant
epidermal growth factor per mL (GibcoBRL), 25 mg bovine pituitary
extract per mL (GibcoBRL), 200 U penicillin per mL (GibcoBRL), 200
mg streptomycin per mL (GibcoBRL), 0.5 mg amphotericin B per mL
(GibcoBRL), 6 mg £uconazole per mL (P¢zer, Amboise, France), and 20
mg L-glutamine per mL (GibcoBRL), with no feeding layer. Fibroblasts
were grown in Dulbecco’s modi¢ed Eagle’s medium (Sigma, St Louis,
Missouri) supplemented with 10% fetal calf serum (Sigma), 200 U
penicillin per mL, 200 mg streptomycin per mL, 0.5 mg amphotericin B
per mL, 6 mg £uconazole per mL, and 20 mg L-glutamine per mL.
Second passage primary cultured keratinocytes and ¢broblasts were used
for preparation of organotypic cultures. The collagen matrix (¢nal pH 7.2)
was made by mixing on ice 7 volumes (3.40 mg per mL) of rat tail collagen
type I (Collaborative Biomedical, Bedford, Massachusetts), 2 volumes of
reconstitution bu¡er pH 8.15 (2.2 g NaHCO3, 0.6 g NaOH, 4.766 g
HEPES in 100 mL dH2O), and 1 volume of Dulbecco’s modi¢ed Eagle’s
medium 10  (Sigma). The biomatrix necessary for organotypic
cocultures was further prepared by mixing the collagen matrix obtained
as described above with primary ¢broblasts. The ¢broblasts obtained after
trypsinization were resuspended in 1 volume of fetal calf serum, and added
to the collagen matrix to a ¢nal concentration of 0.5  106 ¢broblasts per
mL collagen matrix. Seven hundred microliters of either collagen matrix
or ¢broblast-containing biomatrix were layered into each inner well of the
organ culture dishes (Becton Dickinson, Franklin Lakes, New Jersey). The
matrix was allowed to polymerize for 1 h in a humidi¢ed chamber at 371C
and then equilibrated with 1 mL of routine ¢broblast culture medium.
After 24 h of culture, the equilibration medium was removed and 1 mL of
primary keratinocytes (0.5  106 cells per mL) in serum-free KSFM
medium was layered on top of each collagen matrix. The cultures were
detached from the dish walls after 24 h, at a time point when the
keratinocytes had not yet reached con£uency. After detachment, half of
the culture medium was replenished with serum free organotypic
medium: 3 volumes of Dulbecco’s modi¢ed Eagle’s medium (Sigma)/1
volume of Ham’s F12 (Sigma), supplemented with 0.4 mg hydrocortisone
per mL (Sigma), 5 mg insulin per mL (Novo Nordisk, Bagsvrd,
Denmark), 20 mg transferrin per mL (Sigma), 50 mg L-ascorbic acid per
mL (Sigma), 10 ng human recombinant epidermal growth factor per mL
(Gibco BRL), 1 mg linoleic acid^albumin per mL (Sigma), 200 U
penicillin per mL, 200 mg streptomycin per mL, 0.5 mg amphotericin B
per mL, 6 mg £uconazole per mL, and 20 mg L-glutamine per mL. Two
days later, the cultures were layered on curved metal grids that were
covered with a thin ¢lter paper soaked in organotypic culture medium.
The cultures were lifted to the liquid^air interface and grown for 7 more
days. Half of the culture medium (2.5 mL) was changed every second day
during the time of culture. After a total period of 10 d of coculture, the
organotypic cultures were harvested and divided in two equal parts. One
part was snap frozen in liquid nitrogen and the other was ¢xed in 4%
bu¡ered formalin pH 7.15 and embedded in para⁄n. Human recombinant
KGF (Sigma), diluted in nutrient medium, was added to the cultures
starting at the time of seeding the keratinocytes, and continuously for the
whole period of culture.
Immunohistochemical staining Formalin-¢xed, para⁄n-embedded
specimens were depara⁄nized in xylene, hydrated through a graded
alcohol series and then rehydrated in distilled water (dH2O). Samples
were microwave treated in 10 mM citrate bu¡er (pH 6) for 9 min at
750 W and then for 15 min at 500 W. After cooling for 20 min at room
temperature, endogenous peroxidase activity was quenched by immersing
the slides in 0.3% H2O2 diluted in Tris-bu¡ered saline (TBS; 0.05 M Tris^
HCl, 0.15 M NaCl, pH 7.6) for 5 min. For Ki-67 antibody, quenching by
0.3% H2O2 was done after incubation with primary antibody. Prior to the
application of collagen IV and laminin antibodies, the sections were
pretreated with 20 mg proteinase K per mL (DAKO, Glostrup, Denmark)
diluted in TBS for 10 min at room temperature. The specimens were
incubated with primary antibodies in a humidi¢ed chamber at room
temperature for 60 min. The primary antibodies and the titrations used in
this study were as follows: Ki-67 (IgG), MIB-1clone, 1:50 (DAKO); CK13
(IgG), KS-1A3 clone, 1:400 (Novocastra Laboratories Ltd, Newcastle,
Upon-Tyne, UK); CK14 (IgG), LL002 clone, 1:100 (Novocastra Laboratory
Ltd); CK19 (IgG), RCK clone, 1:50 (DAKO); collagen IV (IgG), CIV221
clone, 1:25 (DAKO), and laminin polyclonal, 1:200 (DAKO). The
secondary antibodies, conjugated with horseradish peroxidase labeled
polymer (EnVisionþ System, DAKO) were applied afterwards for 30 min.
After each step above, the specimens were washed twice inTBS, for 7 min
each time. The presence of antigen was visualized by staining with 3,30 -
diaminobenzidine (DAKO) in bu¡ered substrate solution, pH 7.5, for 10
min. After 10 min washing in dH2O the slides were counterstained with
hematoxylin (DAKO) and mounted with aqueous mounting medium
(Shandon, Pittsburgh, Pennsylvania). NHOM and normal salivary glands
(for CK19) served as positive controls. Specimens incubated with antibody
diluent (DAKO) instead of primary antibody were used as negative
controls. Specimens stained with various monoclonal antibodies were of
the same isotype, serving as a negative control for each other.
TUNEL (terminal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate nick end-labeling) method Cell death was
detected by labeling DNA fragments using biotinylated deoxyuridine
triphosphate (Roche Diagnostics GmbH, Mannheim, Germany), by a
modi¢cation of the TUNEL method. Sections were ¢rst depara⁄nized in
xylene, hydrated through a graded alcohol serie and then rehydrated in
dH2O. Samples were then immersed in citrate bu¡er pH 3 and
microwave treated at 850 W for 5 min, followed by 500 W for 5 min.
After cooling, the specimens were digested with 20 mg per mL proteinase
K in TBS for 15 min at 371C. Sections were then incubated with 3%
bovine serum albumin (Sigma) for 30 min, followed by incubation with
TUNEL labeling mix containing biotinylated deoxyuridine triphosphate,
terminal deoxynucleotidyl-transferase (Roche) and cobalt chloride mixed
in reaction bu¡er (Roche). Specimens were further processed as
previously reported (Loro et al, 1999). After each step described above, the
slides were washed three times in TBS for 5 min each time. For positive
controls, specimens were treated with 0.5 mg per mL DNase (Roche) in
TBS for 15 min at 371C prior to incubation with bovine serum albumin.
The speci¢city of the TUNEL reaction was tested by substituting the
biotinylated deoxyuridine triphosphate in the TUNEL labeling mix with
unbiotinylated deoxyuridine triphosphate (Roche) in excess.
Evaluation of samples and statistical analysis
Histomorphometry Tissue sections (5 mm) from para⁄n-embedded speci-
mens, stained with hematoxylin^eosin, were analyzed by a computer-
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based optical image analyzer (analySIS 11.0 Pro Soft Imaging system,
GmbH, Munster, Germany). Analysis was done at 200-fold magni¢cation
on a standard microscope (Leika DMLM, GmbH, Munster, Germany) on
six consecutive ¢elds situated 200 mm apart. The epithelium was divided
into three compartments (according to the criteria proposed by Presland
and Dale, 2000): (1) basal cell layer (population of columnar or cuboidal
cells with their long axis perpendicular to the basement membrane); (2)
spinous cell layer (population of large polygonal and rather £attened cells
with their long axis parallel to the basement membrane); and (3) super¢cial
cell layer (population of £attened cells in their terminal stage of cytodi¡er-
entiation). The spinous and super¢cial cell layers were evaluated sometimes
jointly, as the suprabasal cell layer. The total epithelial thickness and the
thickness of each epithelial cell layer were measured.
To calculate the ratio of proliferating cells, the number of Ki-67 positive
cells was determined in the basal and suprabasal cell layers, under a light
microscope, at a 400-fold magni¢cation.The average percentage of positive
cells, counted in six ¢elds per section (situated at 200 mm apart), was pre-
sented as proliferation index (PI). The average percentage of TUNEL-po-
sitive cells, similarly counted in basal and suprabasal cell layers, in six ¢elds
per section (situated at 200 mm apart) was presented as apoptotic index (AI).
For NHOM specimens all measurements and counts were done in supra-
papillary areas. Statistical analysis was performed using the SPSS program
version 11.0 (SPSS Inc., Chicago, Illinois). The comparison of experimental
samples with the NHOM samples was done using the Mann^Whitney U
test, and between experimental samples using theWilcoxon test, with the
level of signi¢cance set at 5%. Spearman’s Rank Order Correlation (r) was
used to calculate the relationship between two variables.
RESULTS
E¡ects of ¢broblasts and KGF on growth and proliferation
of human oral epithelium in culture Primary oral kera-
tinocytes were able to proliferate and stratify in organotypic
monocultures grown on a substrate of collagen, even in the
absence of ¢broblasts (OTK). The epithelium formed was
thin (mean total epithelial thickness  SEM: 28.0 5.0 mm),
however, and had a loose attachment to the underlying collagen
substrate (Fig 1a). In organotypic cocultures, grown in the
presence of ¢broblasts (OTKF), the keratinocytes formed a
signi¢cantly (p¼ 0.028) thicker epithelium (66.1 8.6 mm) (Fig 1c).
Addition of KGF to the culture media induced a concentration-
dependent increase in total epithelial thickness in both OTK and
OTKF cultures (Fig 2). The relative e¡ect of KGF on total
epithelial thickness appeared mainly independent on the
presence of ¢broblasts (Fig 3A). Moreover, there was no
tendency for a decreased slope in the interaction plot (Fig 3A),
so no evidence for synergy e¡ects between KGF and ¢broblasts
was found. The e¡ect of KGF on total epithelial thickness,
however, was somewhat more pronounced in reconstituted
epithelium in the absence of ¢broblasts than in their presence
(Fig 3A). This was also re£ected by the stronger relationship
between epithelial thickness and KGF concentration in OTK
cultures (r¼ 0.7, p¼ 0.001) than in OTKF cultures (r¼ 0.5,
p¼ 0.002).
When reconstituted human oral epithelium was compared
with NHOM, the most optimal culture condition was found in
cultures grown in the presence of ¢broblasts, supplemented with
10 ng KGF per mL. Grown under these conditions, the
reconstituted oral epithelium was not statistically di¡erent
(p¼ 0.316) from the suprapapillary areas of NHOM with respect
to total epithelial thickness (Table I).
Immunohistochemical analysis showed that Ki-67-positive
cells were found mainly within the cells of the basal cell layer of
the reconstructed oral epithelium in both OTK and OTKF
cultures (Fig 1 f,h). The PI in the basal cell layer of reconstructed
epithelium was signi¢cantly lower (p¼ 0.025) in OTK cultures
compared with OTKF cultures (Table I). Addition of KGF
increased PI in both types of cultures (Table I), but more
prominently in the basal cell layer of OTK cultures than in
OTKF cultures (Fig 3B). This was also re£ected by a stronger
correlation between exogenous KGF and PI in the basal cell
layer for OTK (r¼ 0.8, p¼ 0.010) than for OTKF cultures
(r¼ 0.5, p¼ 0.034). For OTKF cocultures, the values of PI in
basal and suprabasal cell layers were comparable with the values
found in native oral epithelium (Table I).
The potential in£uence of the basal cell proliferation rate on
epithelial thickness was further tested. The relationship between
PI in the basal cell layer and total epithelial thickness showed a
strong positive correlation just for OTK cultures (r¼ 0.71,
p¼ 0.003). In OTKF cultures and NHOM a positive, although
not signi¢cant correlation was found between total epithelial
thickness and PI in the basal cell layer (r¼ 0.22, r¼ 0.20,
respectively). The in£uence of PI on the development of spinous
cell layer showed the same pattern, a strong positive correlation
for OTK cultures (r¼ 0.67), but a weak positive one for OTKF
and NHOM (r¼ 0.20, and r¼ 0.14, respectively).
E¡ects of ¢broblasts and KGF on cell death (apoptosis) rate
in reconstituted oral epithelium TUNEL-positive cells found
in the basal cell layer were considered to re£ect spontaneous
Figure1. E¡ects of ¢broblasts and
KGF on tissue morphology, cell prolif-
eration, and cell death in reconstituted
human oral epithelium. Oral epithe-
lium was reconstituted on a collagen
matrix in the absence (a,b,f,g,k,l) or pre-
sence (c,d,h,i,m,n) of ¢broblasts, without
(a,c,f,h,k,m) or with (b,d,g,i,l,n) exogenously
added 10 ng KGF per mL. Reconstituted
oral epithelium is compared with native
oral epithelium (e,j,o) regarding tissue mor-
phology on para⁄n embedded, hematoxy-
lin^eosin stained sections (a^e), cell prolif-
eration by Ki-67 staining (f^j) and cell
death (apoptosis) evaluation by TUNEL
staining (k^o). Scale bar¼ 25 mm.
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apoptotic cell death, whereas TUNEL-positive cells on the
shedding surface of the epithelium were considered as
terminally di¡erentiated cells through the process of epithelial
maturation (Loro et al, 2003). In OTK cultures, scattered
TUNEL-positive cells were observed throughout all epithelial
cell layers, with no obvious zonal distribution (Fig 1k). In
OTKF cultures, TUNEL-positive cells were mainly detected in
the super¢cial cell layer (Fig 1m), similar to NHOM (Fig 1o).
AI of the basal cell layer was higher (p¼ 0.029) in cultures
grown in the absence of ¢broblasts (mean SEM: 4.7 0.6%)
than in the presence of ¢broblasts (1.8 0.3%) (Table I). AI of
the super¢cial cell layer was lower (p¼ 0.034) in OTK
(4.0 0.1%) than in OTKF (5.4 0.1%). These data showed a
switch in the cell death pattern from a high basal spontaneous
cell death to a more predominant cell death in the suprabasal cell
layer with the addition of ¢broblasts.
The importance of the mode of cell death on the development
of epithelium thickness was further investigated by running
Spearman’s correlation tests. The relationship between AI in the
Figure 2. E¡ects of ¢broblasts and KGF on total epithelial thickness
in reconstituted human oral epithelium. Human oral epithelium re-
constituted on a collagen matrix in the absence ( ) or presence ( ) of
primary human oral ¢broblasts, was supplemented with increasing concen-
trations of KGF. Total epithelial thickness was measured by histomorpho-
metry. Data represent mean SEM (in mm) of ¢ve or more di¡erent
experiments. Native oral epithelium was included for comparison (n¼12).
Figure 3. Test on potential ¢broblast independency of KGF-induced
e¡ect on epithelial thickness, proliferation, and apoptosis in recon-
stituted human oral epithelium. The graphs were obtained by plotting
the ratio of the values obtained from cultures grown in the absence of ¢-
broblasts (^F) to the values obtained from the cultures grown in the pre-
sence of ¢broblasts (þ F), using SigmaPlot software (version 8.0).The slope
of the line is interpreted as a measure of the synergy between KGF and
¢broblasts, with respect to their e¡ects on total epithelial thickness (A),
basal cell proliferation (B), and suprabasal cell death (C). Data represent
mean SEM of ¢ve di¡erent experiments.
Table I. Histomorphometric analysis, proliferation and apoptotic indexes of reconstituted human oral epithelium and native oral
epithelium. Oral epithelium was reconstituted on a collagen matrix in the absence or presence of ¢broblasts, and the culture media was
supplemented or not with 10 ng KGF per mL. Data represent mean SEM of 5 or more independent experiments and 12 native human oral
normal mucosa specimens
^ Fibroblasts ^ Fibroblasts þ Fibroblasts þ Fibroblasts Native oral
0 ng KGF per mL 10 ng KGF per mL 0 ng KGF per mL 10 ng KGF per mL epithelium
n¼ 5 n¼ 5 n¼11 n¼11 n¼12
Thickness of basal cell layer (mm) 15.2  2.2 43.9  4.1 26.0  2.8 37.3  3.5 42.9  3.4
Thickness of spinous cell layer (mm) 6.5  1.5 11.4  2.9 27.5  4.9 68.5  7.8 82.9  8.0
Thickness of super¢cial cell layer (mm) 6.3  1.5 10.2  1.9 12.1  1.7 21.6  2.7 25.2  2.6
Total epithelial thickness (mm) 28.0 5.0 65.6 7.6 66.1  8.6 127.4  11.0 151.1  12.0
PI basal cell layer (%) 3.6  0.7 11.9  1.0 16.6  1.1 24.3  1.3 23.8  1.5
PI suprabasal cell layer 0.8  0.8 1.7  0.5 0.5  0.2 0.63  0.2 0.01  0.0
AI basal cell layer (%) 4.7  0.6 4.1  0.3 1.8  0.3 1.1  0.4 0.3  0.1
AI suprabasal cell layer 4.0 0.1 5.3  0.4 5.4  0.1 7.8  0.4 8.1  0.6
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basal cell layer and total epithelial thickness was a negative but
rather weak correlation for both OTK and OTKF cultures (r¼
^ 0.07 and r¼ ^ 0.17, respectively), and for NHOM as well (r¼
^ 0.2). A stronger negative correlation was found between AI in
the basal cell layer and the thickness of the spinous cell layer for
OTKF cultures (r¼ ^ 0.46) and NHOM (r¼ ^ 0.80). Although
the role of spontaneous cell death rate in the basal cell layer for
the development of epithelium is not clearly explained by
simple correlations, it seems to be part of the delicate balance
between cell proliferation, spontaneous cell death, and terminal
di¡erentiation in oral mucosa tissue, both in vitro and in vivo.
Addition of KGF decreased spontaneous cell death in the basal
cell layers, and induced a slight increase of AI in the uppermost
epithelial cell layers in both OTK and OTKF cultures (Fig 4).
Although this e¡ect was not statistically signi¢cant (Table I), we
noticed that it was more prominent in the presence of ¢broblasts
(Fig 3C).
E¡ects of ¢broblasts and KGF on human oral epithelial
di¡erentiation in organotypic culture In OTK mono-
cultures there was a predominance of cells with a basaloid
appearance, the thickness of basal cell layer accounting for
56.3 3.5% of the total epithelial thickness, as compared with
28.9 1.7% in NHOM (Fig 1a,b,Table I). In the same type of
cultures (OTKwithout KGF addition), the spinous cell layer was
relatively poorly developed, accounting for 22.4 2.9% of the
total epithelial thickness as compared with 55.0 1.2% in
NHOM. In contrast, the distribution of the various cell layers in
the epithelium of OTKF cocultures showed a predominance of
more di¡erentiated cell layers, thus more closely resembling the
native oral epithelium (Fig 5).
KGF increased the thickness of all epithelial cell layers (Table
I) in organotypic cell cultures, but their relative distribution was
not signi¢cantly changed (Fig 6).
Epithelial di¡erentiation was further evaluated by the
expression of several cytokeratin isoforms: CK14, CK19, and
CK13. In OTKF cocultures CK13 showed a strong and uniform
staining of the suprabasal cell layers (Fig 7c), whereas in OTK
monocultures only few scattered cells of the suprabasal cell
layers were positive (Fig 7a). The expression of CK13 was not
changed by the addition of KGF in culture media (Fig 7b,d).
The expression of CK13 in OTKF cultures closely resembled the
CK13 expression in NHOM (Fig 7e). CK14 was strongly and
uniformly expressed throughout all the cell layers of the
epithelium in OTK monocultures. In OTKF cocultures, CK14
was preferentially expressed in the basal cell layer. The pattern of
CK14 staining was not a¡ected by the addition of KGF (data not
shown). CK19 was strongly expressed in all epithelial cell layers
in OTK monocultures. In OTKF cocultures, the expression of
CK19 was less strong, but still present heterogeneously in all cell
layers. Addition of KGF had no e¡ect on the CK19 staining
pattern of either OTK or OTKF cultures (data not shown).
The major components of the basal membrane, collagen IV
and laminin, were detected only in OTKF cocultures (Fig
7h,i,m,n), and the basement membrane structure seemed to be
less developed when compared with NHOM (Fig 7j,o).
Although this does not prove the existence of a completely
developed or functional basement membrane, the presence and
deposition of laminin and collagen IV did not seem to be
dependent on exogenously added KGF. In OTK monocultures
the staining for laminin revealed that the protein was expressed
intracellularly in the basal cells, but no deposition of
extracellular components of the basal membrane could be
detected (Fig 7k,l).
Figure 4. E¡ects of ¢broblasts and KGF
on spontaneous cell death (apoptosis) in
basal and suprabasal cell layers of recon-
stituted human oral epithelium. Apoptotic
index (AI) was determined in the basal cell
layer (A) and suprabasal cell layer (B) in arti¢-
cial epithelium reconstituted in the absence
( ) or presence ( ) of ¢broblasts, and grown
in culture medium supplemented with increas-
ing concentrations of KGF. Data represent
mean SEM (in percentage) of ¢ve or more
separate experiments. AI determined in nor-
mal human oral epithelium are included for
comparison (n¼12).
Figure 5. Noninteractive e¡ects of ¢broblasts and KGF on the rela-
tive distribution of various cell layers in reconstituted human oral
epithelium. Reconstituted epithelium was cultivated in the absence (^F)
or presence (þ F) of ¢broblasts, in the absence (^KGF) or presence
(þKGF) of KGF for 10 d. The thickness of the basal ( ), spinous ( )
and super¢cial ( ) epithelial cell layers were analyzed by histomorphome-
try and the relative values were calculated (data from ¢ve or more separate
experiments). Measurements of native oral epithelium (n¼12) were in-
cluded for comparison.
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DISCUSSION
In this study, the major e¡ect of ¢broblasts was to promote
epithelial di¡erentiation of reconstituted oral epithelium. Addi-
tion of ¢broblasts in the collagen matrix determined a switch in
the pattern of strati¢cation, considered an indicator of the degree
of epithelial maturation (Schroeder, 1981), from a predominance
of basal cell layer in OTK to a predominance of the spinous cell
layer in OTKF (Figs 1 and 5). The e¡ect on epithelial maturation
was also shown by strong expression of CK13 in the suprabasal
cell layer, decreased expression of CK14 and CK19 in the supraba-
sal cell layer, and increased apoptotic rate in the super¢cial cell
layer of OTKF (Fig 4), considered an indicator of terminal di¡er-
entiation (Loro et al, 2003). Moreover, in cultures supplemented
with ¢broblasts, laminin, and collagen IV, two major compo-
nents of the basement membrane, were expressed at the epithe-
lium^collagen biomatrix interphase (Fig 7), suggesting a high
competence of epithelial cells to produce specialized proteins in
the presence of ¢broblasts.
Tissue homeostasis requires cell proliferation of the basal cell
layer to be matched by di¡erentiation and desquamation at the
epithelial surface (Squier and Kremer, 2001). When we investi-
gated this balance, a positive correlation between total epithelial
thickness and proliferation index of the basal cell layer was ob-
served only for cultures grown in the absence of ¢broblasts. For
cultures grown in the presence of ¢broblasts, as for native oral
epithelium, no such strong correlation was found. This suggested
that in cultures grown in the absence of ¢broblasts, cell prolifera-
tion was the major determinant of epithelial thickness, whereas in
the presence of ¢broblasts additional factors to cell proliferation
were important for modulating the thickness of oral epithelium.
One such factor could be spontaneous cell death (Squier and Kre-
mer, 2001). The presence of ¢broblasts induced a marked inhibi-
tion of spontaneous cell death in the basal cell compartment.This
was compensated for by an increased terminal di¡erentiation of
cells shedding o¡ from the super¢cial cell layer (Table I, Figs 1
and 4).Thus, a major observation in this study was that ¢broblasts
circumvent the cell death program of reconstituted epithelium by
decreasing spontaneous cell death in the basal cell layer and by
promoting terminal di¡erentiation in super¢cial cell layers, a pat-
tern also normally found in native oral mucosa (Table I) (Pres-
land and Dale, 2000; Squier and Kremer, 2001).
KGF had important e¡ects on cell proliferation and showed a
growth promoting e¡ect in both OTK and OTKF cultures (Figs
1 and 2).These results are compatible with recent data from in vivo
experiments on murine ventral tongue epithelium, in which
KGF stimulated keratinocyte proliferation (Potten et al, 2002).
We noticed that the e¡ect of KGF was even more prominent on
keratinocyte proliferation in the absence of ¢broblasts (Fig 3B).
A likely explanation for this observation might be the presence
of endogenously secreted KGF by ¢broblasts in OTKF cocultures.
Previous studies have reported synthesis of KGF in organotypic
Figure 6. E¡ects of KGF on epithelial
di¡erentiation in reconstituted human
oral epithelium. The relative distribution of
basal, spinous, and super¢cial epithelial cell
layers was evaluated after 10 d organotypic
culture of keratinocytes in the absence (OTK
monocultures) or presence (OTKF cocul-
tures) of primary oral ¢broblasts, in the ab-
sence or presence of various concentrations of
KGF. Data represent mean SEM of ¢ve se-
parate experiments.
Figure 7. Expression of di¡erentiation marker
(CK13) and markers of basement membrane (col-
lagen IVand laminin) in reconstituted human oral
epithelium.The cultures were grown for 10 d in the ab-
sence (a,b,f,g,k,l) or presence (c,d,h,i,m,n) of ¢broblasts,
supplemented (b,g,l,d,i,n) or not (a,f,k,c,h,m) with 10 ng
KGF per mL. Normal oral mucosa is shown for compar-
ison (e,j,o). Scale bar¼ 25 mm.
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skin cultures by dermal ¢broblasts (Maas-Szabowski et al, 1999)
and by oral ¢broblasts in monocultures (Okazaki et al, 2002) and
organotypic cultures (Grn et al, 2002), in even higher amounts
than dermal cultured ¢broblasts. The issue of KGF synthesis by
¢broblasts in di¡erent culture conditions is, however, still contro-
versial, some authors have suggested that the ability of cultured
¢broblasts to synthesize KGF is lower when the ¢broblasts are
embedded in collagen matrix (Le Panse et al, 1996; William
McKeown et al, 2003), whereas others have found no modi¢ca-
tion in stimulated KGF production with modi¢cation of the cul-
ture substrate (Grn et al, 2002). Our results are compatible with a
moderate endogenous synthesis of KGF that is not su⁄cient to
support epithelial growth fully. In native oral mucosa, KGF could
also be provided by other neighboring cells, such as gd T lym-
phocytes (Boismenu and Havran, 1994; Jameson et al, 2002),
which are absent in our model. In a more recent study (William
McKeown et al, 2003), epidermal growth factor was found to in-
hibit the synthesis of KGF by oral ¢broblasts, especially when
embedded in collagen. In our hands, epidermal growth factor
(10 ng per mL) was not found to have a signi¢cant e¡ect on
epithelial growth or di¡erentiation (data not shown).
Controversial results have been reported regarding the e¡ects
of KGF on epidermal di¡erentiation in skin models, either that
KGF could promote di¡erentiation (Gibbs et al, 2000), or delay it
(Andreadis et al, 2001). In our study, KGF did not signi¢cantly
enhance epithelial di¡erentiation (Figs 5^7). Moreover, KGF did
not delay or impair the di¡erentiation pattern induced by ¢bro-
blasts. That KGF is unable by itself to support normal epithelial
morphogenesis and epithelial di¡erentiation fully has also been
suggested by Maas-Szabowski et al (2000) in skin models.
Although addition of KGF did not induce any signi¢cant
change in the relative distribution of the various cell layers, a
more prominent spinous cell layer with addition of KGF was
noted in the presence of ¢broblasts (Fig 5). An increased thick-
ness of the spinous cell layer by KGF could be due to the fact that
more cells enter into the spinous compartment (Squier and Kre-
mer, 2001) in the presence of KGF. In ¢broblast-depleted cultures,
a strong positive correlation was found between KGF stimulated
basal cell proliferation and the development of the spinous cell
layer. In ¢broblast supplemented cultures as well as in native mu-
cosa, we did not ¢nd such a simple correlation that could have
explained the development of the spinous cell layer. In these con-
ditions, the development of the spinous cell layer was more clo-
sely correlated to a reduced rate of spontaneous cell death in the
basal cell layer. On the other hand, the better development of the
spinous cell layer observed with the addition of KGF in the pre-
sence of ¢broblasts could suggest that KGF might have an indir-
ect e¡ect on ¢broblasts. The ability of KGF to stimulate
mesenchymal cells has recently been suggested in skin models
( Jeschke et al, 2002).
In conclusion, this study shows that ¢broblasts had a crucial
e¡ect on cell proliferation, di¡erentiation, and apoptosis of hu-
man oral epithelium reconstituted in vitro, and especially on the
development of stratum spinosum. KGF promoted epithelial
growth, but did not signi¢cantly enhance epithelial di¡erentia-
tion. Our data suggest that ¢broblasts possess additional mechan-
isms to KGF synthesis that can modulate di¡erentiation of
reconstituted human oral epithelium.
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